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Available online 24 July 2008AbstractY000027, Y000047, and Y000097 are new lherzolitic shergottites that show a poikilitic texture with interstitial non-poikilitic
basaltic areas. They have identical mineral compositions and petrography, confirming their pairing. The Y00 shergottites first
crystallized olivine and chromite, which were then partially enclosed by low-Ca pyroxenes. Interstitial areas of melt then formed as
a result of oikocryst accumulation. Plagioclase and Fe-rich pyroxene crystallized from the interstitial melt, forming the non-
poikilitic basaltic areas. The cooling rate during crystallization of the basaltic area was fast enough to preserve chemical zoning
within olivine and pyroxene in poikilitic areas. The Y00s have similar petrology and mineralogy to other lherzolitic shergottites: all
are likely to have originated from the same igneous block on Mars. The subtle mineralogical differences that exist are probably due
to spatially variable cooling rates during crystallization of the basaltic area. In terms of mineral composition, the Y00s are most
similar to (although distinct from) LEW88516, Y-793605, and NWA1950. Olivine and pyroxene compositions within interstitial
areas may be related to the abundance of intercumulus melt, which, as with the nakhlite case, varied spatially in the igneous block.
Although the Y00s and other lherzolitic shergottites (ALH77005, LEW88516, Y-793605, GRV99027, GRV020900, and
NWA1950) were located within deeper levels of the block, RBT04262, a new shergottite similar in petrology and mineralogy to
lherzolitic shergottites, may have been located at a slightly shallower level characterized by abundant, evolved interstitial melts.
 2008 Elsevier B.V. and NIPR. All rights reserved.
Keywords: Martian meteorites; Lherzolitic shergottites; Olivine; Pyroxene; Chemical zoning1. Introduction
Shergottites, nakhlites, chassignites, and one
example of orthopyroxenite (ALH 84001) are igneous
rocks believed to have originated from the planet Mars;* Corresponding author. Tel.: þ81 3 5841 4547; fax: þ81 3 5841
8321.
E-mail address: mikouchi@eps.s.u-tokyo.ac.jp (T. Mikouchi).
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doi:10.1016/j.polar.2008.06.003w50 specimens are currently known (e.g., Meyer,
2008). These Martian meteorites are important samples
that yield key information in understanding igneous
activity on and the crust/mantle composition of the red
planet (e.g., McSween, 1994, 2002). Shergottites, the
most dominant samples among Martian meteorites, are
further classified into three subgroups: basaltic sher-
gottites, olivine-phyric shergottites, and lherzolitic
shergottites (e.g., Goodrich, 2002; McSween, 2002).reserved.
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wide variations in mineralogy and petrology, lherzo-
litic shergottites (currently seven known samples) show
consistent mineralogy and petrology (e.g., Gillet et al.,
2005; Harvey et al., 1993; Ikeda, 1994; Lin et al.,
2005; Meyer, 2008; Mikouchi, 2005; Mikouchi and
Miyamoto, 1997; Treiman et al., 1994) and nearly
identical crystallization and exposure ages (e.g., Borg
et al., 2002; Morikawa et al., 2001; Misawa et al.,
1997; Nagao et al., 1997). Lherzolitic shergottites are
therefore widely considered to share the same original
source on Mars, were probably ejected by the same
impact, and fell on earth as separate falls (e.g.,
Mikouchi, 2005; Wadhwa et al., 1999). Despite these
similarities, the samples show slight differences in
mineral chemistry, probably due to contrasting cooling
rates during crystallization or different degrees of re-
equilibration (e.g., Mikouchi, 2005).
Recently, three new lherzolitic shergottites (Yamato
000027, Yamato 000047, and Yamato 000097) were
identified from the meteorite collection returned by the
41st Japanese Antarctic Research Expedition (JARE)
(Misawa et al., 2006). It is of great interest whether these
three new Y00 shergottites are consistent with the
current hypothesis that all lherzolitic shergottites share
a common source origin on Mars. If this were the case, it
would be important to identify similarities and differ-
ences between Y00 shergottites and other lherzolitic
shergottites to further understand the petrogenesis of
this Martian meteorite group. Such information would
also be helpful in reconstructing the nature of the
igneous block from which they originated.
The basaltic lithology (interstitial non-poikilitic
areas) of lherzolitic shergottites may have a petroge-
netic relationship with other evolved shergottite groups
such as basaltic shergottites. This paper reports the
findings of a mineralogical and petrological study of
three Y00 lherzolitic shergottites first described in our
earlier report (Mikouchi and Kurihara, 2007), with the
aim of confirming their possible pairing and under-
standing their crystallization history in comparison
with those of other lherzolitic shergottites. We also
discuss the stratigraphy of the original lherzolitic
shergottite igneous block.
2. Samples and analytical techniques
Three polished thin sections (Y000027, 41-2;
Y000047, 41-2; Y000097, 51-2) were kindly supplied by
the National Institute of Polar Research (NIPR), Japan, as
a part of a consortium study. We analyzed the thin
sections using the following methods. Backscatteredelectron (BSE) images were taken using a Hitachi S-4500
(field emission gun) scanning electron microscope
(SEM) with energy dispersive spectroscopy (EDS),
housed at the Department of Earth and Planetary
Sciences, University of Tokyo, Japan. The SEM was
equipped with an electron back-scattering diffraction
(EBSD) detector, used for phase identification. To assess
the mineral distribution, maps of elemental concentra-
tions were acquired using a JEOL JXA 8900L electron
microprobe (accelerating voltage, 15 kV; beam current,
60 nA) housed at the Department of Earth and Planetary
Sciences, University of Tokyo; the maps produced from
the Y000097 thin section were used to determine the
modal abundance of constituent phases. Quantitative
wavelength dispersive spectroscopy (WDS) was
performed on a JEOL JCM 733 mk II microprobe
(accelerating voltage, 15 kV; beam current, 12 nA)
housed at the Department of Earth and Planetary Science,
University of Tokyo, using well-characterized natural
and synthetic standards. A defocused beam (w5 mm in
diameter) and lower probe current (8 nA) were employed
for the analysis of maskelynite to minimize volatile loss
(Mikouchi et al., 1999).
3. Petrography
3.1. Yamato 000027
The thin section of Yamato 000027 (Y000027)
consists of both poikilitic and non-poikilitic basaltic
areas (in roughly equal proportions), typical of lherzo-
litic shergottites (Fig. 1). This section is remarkable for
the presence of a wide (2 mm) shock-melt vein (Figs. 1
and 2) filled with recrystallized olivine (w10 mm in
size) that shows extensive chemical zoning, angular
lithic fragments up to 0.5 mm in size, and interstitial
glass. A sharp contact exists between the vein and
surrounding phases. The lack of interaction between the
vein and surrounding phases suggests rapid quenching
after shock-melting. The vein is devoid of high-pressure
phases.
In the poikilitic area of the section, large pyroxene
oikocrysts (up to w5 mm) enclose olivine (<1 mm)
and chromite (<0.1 mm) crystals (Fig. 1). Chromite is
generally euhedral and present as composite grains.
Olivine grains are dominantly rounded, but some are
euhedral. Rare maskeynite is present in the poikilitic
areas. In basaltic areas, olivine is the most abundant
phase, with grains up to w1.5 mm in size. Unlike
poikilitic areas, maskelynite grains are abundant in
basaltic areas, with euhedral to subhedral lath-like
shapes (Fig. 1) that are typically 0.5 mm long and
Fig. 1. (a) Optical photomicrograph (plane-polarized light) of the
Y000027 thin section. The thin section is composed of both poikilitic
(PA) and non-poikilitic basaltic (NPA) areas. This section contains
a remarkably wide shock-melt vein. (b) Backscattered electron (BSE)
image of the poikilitic area in Y000027. A large pyroxene oikocryst
(Px) encloses rounded olivine (Ol) and euhedral chromite (Chr)
grains. (c) BSE image of the basaltic area in Y000027, which is
characterized by the presence of abundant maskelynite (Ms) and late-
stage crystallization phases such as merrillite (Mer).
Fig. 2. (a) Optical photomicrograph (plane-polarized light) of the
shock-melt vein in Y000027. Note the sharp contact with the
unmelted host minerals. The vein contains small fragments of
olivine, pyroxene, and chromite. (b) BSE image of the shock-melt
vein, showing extensively zoned (sometimes reverse zoning) euhe-
dral olivine that recrystallized from the melt.
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with maskelynite. Pyroxenes in basaltic areas are much
smaller (w0.5 mm) than oikocrystic pyroxenes in
poikilitic areas. Ca-phosphate (merrillite) and ilmenite
are only present in the basaltic areas, commonly
closely associated.
Many olivine grains in both the poikilitic and
basaltic areas contain magmatic inclusions of up to
0.1 mm in diameter (Fig. 3). These inclusions are
generally Al-rich pyroxene and Si-rich glass, sur-
rounded by radial fractures in the host olivine. Si-rich
glasses are present as two types: near-pure silica and
Si-rich Al-bearing glass. Although kaersutite amphi-
bole occurs as magmatic inclusions within pyroxene
oikocrysts in some lherzolitic shergottites (e.g., Ikeda,
1998; Mikouchi and Miyamoto, 2000a), it is absent in
Y000027, consistent with the findings of Ikeda and
Fig. 3. BSE image of a magmatic inclusion enclosed in olivine
within a poikilitic area in Y000027. Radiating cracks have developed
within the host olivine grain (Ol) surrounding the inclusion. The
major constituent phases of the inclusion are Al-rich pyroxene (Px),
which forms a complete rim against the host olivine, and two types of
Si-rich glass: near-pure silica (Si) and Al-bearing Si-rich glass
(SiO2¼w80 wt%) (Si-gl).
Fig. 4. Optical photomicrograph (plane-polarized light) of the
Y000047 thin section. The thin section is almost entirely composed
of a poikilitic area; a small area on the upper-left edge of the section
is possibly a non-poikilitic basaltic area.
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mosaic and patchy extinction, possibly due to shock,
and plagioclase is maskelynitized. Twin planes within
pyroxene are sometimes displaced along micro-frac-
tures. A small shock-melt pocket is present in the thin
section. Olivine shows a brown tinge in the thin
section, possibly due to the presence of nanometer-
sized iron particles produced by strong shock
metamorphism (Van de Moortele et al., 2007).
3.2. Yamato 000047
The Yamato 000047 (Y000047) section is dominated
by a single large poikilitic pyroxene crystal
(w5 5 mm) (Fig. 4). The oikocryst encloses rounded
olivine grains of up to 0.8 mm in size and euhedral
chromite grains of up to 0.2 mm. Olivine grains within
the oikocryst appear to possess a shape-preferred
orientation. Maskelynite (w500 mm) is present only at
the edges of the thin section. It is not clear whether these
grains belong to the poikilitic or non-poikilitic basaltic
areas, although their anhedral shapes may suggest that
they represent a poikilitic area. If this is the case, the thin
section is made up entirely of a poikilitic area.
Thin shock-melt veins (20e30 mm wide) are locally
present (Fig. 5). Imae and Ikeda (2007) reported a high-
pressure polymorph of pyroxene (akimotoite) in Y000047
shock-melt veins; our EBSD analyses also identified
akimotoite (Fig. 5) associated with several types of glass.
The pyroxene oikocryst shows strong mosaic extinction,and twin planes are locally displaced along micro-
fractures. Despite its variable chemical composition
(‘‘orthopyroxene’’, ‘‘pigeonite’’, and ‘‘augite’’ areas),
different parts of the oikocryst generally show the same
extinction angle when viewed under an optical micro-
scope. Therefore, the ‘‘orthopyroxene’’ area occurs with
monoclinic symmetry that is optically indistinguishable
from the ‘‘pigeonite’’ area.
We analyzed the chemically classified orthopyroxene
(Wo<5), pigeonite (Wo5e20), and augite (Wo>25) areas
by EBSD to confirm the crystal structure. Both the
orthopyroxene and pigeonite areas were identified as
monoclinic P21/c pyroxene; the augite area was C2/c
clinopyroxene (Fig. 6). These three pyroxene areas have
generally similar crystallographic orientations (Fig. 6).
The presence ofP21/c pyroxene is probably due to shock
metamorphism of the original Pbca orthopyroxene.
Although olivine in this thin section is brown in color,
similar to that in Y000027, EBSD analysis revealed an
olivine crystal structure (Fig. 6). Kaersutite is absent
from the Y000047 pyroxene oikocryst.
3.3. Yamato 000097
The studied thin section of Yamato 000097
(Y000097) (w15 9 mm) consists of three large
pyroxene oikocrysts of up to 8 mm in size, with
interstitial non-poikilitic basaltic areas about 1e2 mm
in width (Fig. 7). The ratio of poikilitic areas to
basaltic areas is about 4:1. A small melt pocket is
Fig. 5. (a) BSE image of a thin shock-melt vein (w20 mm wide) in
Y000047. The vein contains several different glass phases (Gl), and
akimotoite (Ak) forms a rim against the host pyroxene oikocryst. (b)
EBSD pattern obtained for akimotoite. (c) Calculated EBSD pattern
based on the akimotoite crystal structure (MgSiO3-ilmenite structure
from d’Arco et al., 1994) matching the observed pattern. We were
unable to obtain EBSD patterns from botryoidal phases located near
the center of the vein, confirming their amorphous structure (Imae
and Ikeda, 2007).
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largest thin section among the three studied, we used
this section to measure the modal abundances of
minerals based on X-ray maps (Fig. 9). The other two
sections (Y000047 in particular) are smaller and show
a heterogeneous distribution of poikilitic and basaltic
areas; therefore, we did not measure the modal abun-
dances in these thin sections because they would not be
representative measurements.
The obtained modal abundance of minerals in
Y000097 is 40.0% olivine, 39.3% low-Ca pyroxene
(orthopyroxeneþ pigeonite), 9.7% augite, 8.6% mas-
kelynite, 1.4% spinel (chromiteþ ulvo¨spinel), 0.6%
merrillite, 0.2% ilmenite, and 0.2% Fe(eNi) sulfide.
Brown, rounded olivine grains (0.1e1.0 mm in size)
are randomly distributed throughout poikilitic areas
(Figs. 7 and 9). Euhedral chromite grains (up to
0.2 mm in size) are also present. Maskelynite is largelyabsent in poikilitic areas. Most areas of pyroxene
oikocrysts are low-Ca pyroxene in composition,
although augite is usually present at oikocryst margins.
The main constituent phases in basaltic areas are
olivine, maskelynite, and pyroxene, with minor
merrillite, chromite with Ti-rich rims, ilmenite, and
Fe(eNi) sulfide (Figs. 7 and 9). Olivine grains in basaltic
areas are commonly w1 mm in size (maximum,
w2 mm). Olivine grains in basaltic areas are more
angular than those in poikilitic areas. Olivine is also
more abundant than pyroxene and maskelynite in
basaltic areas. Pyroxene and maskelynite grains in
basaltic areas are smaller than olivine grains, and
occasionally show intergrown textures (Figs. 7 and 9).
Magmatic inclusions (w0.1 mm) are common in olivine
grains in both areas, and are commonly surrounded by
radial fractures developed within the host mineral. There
exist several lines of evidence for strong shock
metamorphism as observed in Y000027 and Y000047
(e.g., the maskelynitization of plagioclase, mosaic and
patchy extinction of olivine, and presence of shock-melt
pockets). All of the plagioclase grains are isotropic glass:
no birefringent areas were observed. As with Y000027
and Y000047, kaersutite amphibole is absent from
Y000097.
4. Mineral chemistry
Table 1 summarizes the representative mineral
compositions observed in thin section. Unless stated
otherwise, all mineral compositions were identical
among the three samples; thus, only a single set of data
is presented.
4.1. Pyroxene
Pyroxene oikocrysts in poikilitic areas are chemically
zoned from orthopyroxene near the core (En77Fs21Wo2)
to pigeonite (En67Fs22Wo11) in the rim of low-Ca
pyroxene crystals (Fig. 10). At the edges of oikocrysts,
augite patches occur with sharp (though irregular)
boundaries with low-Ca pyroxene cores (Fig. 9). Augite
is rarely present in oikocryst cores. Augite in poikilitic
areas shows weak Ca and Mg zoning (En54Fs16Wo30 to
En48Fs14Wo38) (Fig. 10). Chemical zoning within low-
Ca pyroxene oikocrysts is continuous: there is little
scatter in Fe content; however, the boundaries between
low-Ca pyroxene and augite show an abrupt and
discontinuous change in chemical composition. Low-Ca
pyroxene compositions in areas near olivine chadacrysts
are slightly richer in Ca and Fe than those areas free of
olivine grains (Fig. 9).
Fig. 6. Observed and calculated EBSD patterns for three pyroxene phases and olivine in Y000047, along with stereo projections showing the three
crystallographic axes. ‘‘Orthopyroxene’’ is from a low-Ca pyroxene area (Wo3). ‘‘Pigeonite’’ is Wo9, and ‘‘Augite’’ is Wo35. The EBSD patterns
obtained for both orthopyroxene and pigeonite reveal that they are clinopyroxene with the P21/c space group. For orthopyroxene, a crystal
structure of orthorhombic Pbca pyroxene did not match the observed pattern. As expected from its chemical composition, the EBSD pattern
observed for augite matched the structure of C2/c pyroxene. The three pyroxenes have similar crystallographic orientations, consistent with
observations by optical microscope. Olivine is confirmed to have a normal olivine structure.
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thin sections (Fig. 10). Pyroxenes in basaltic areas are
mostly pigeonite, with small amounts of augite
(Fig. 10). We failed to find any low-Ca pyroxene with
orthopyroxene composition (Wo<5). Pigeonite in
basaltic areas has a slightly higher Fe content than thatin poikilitic areas (En67Fs27Wo6 to En60Fs25Wo15)
(Fig. 10). The augite composition in basaltic areas is
not clearly different from that in poikilitic areas,
ranging from En54Fs15Wo31 to En48Fs14Wo38 (Fig. 10).
Y000047 is dominated by a single poikilitic oikocryst,
and we found only small areas of Ca- and Fe-rich
Fig. 7. Optical photomicrograph (plane-polarized light) of the
Y000097 thin section. The thin section is composed of three large
pyroxene oikocrysts that define poikilitic areas (PA) with interstitial
non-poikilitic basaltic areas (NPA).
Fig. 8. (a) BSE images of a shock-melt pocket in Y000097. The
enlarged view (b) shows that the pocket contains compositionally
zoned recrystallized olivine (lower figure).
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Y000027 and Y000097. Pairs of low-Ca pyroxene and
augite in both areas yield equilibration temperatures of
w1150 C (Lindsley and Andersen, 1983).
The minor element compositions of pyroxenes also
show clear differences between poikilitic and basaltic
areas (Figs. 11 and 12). The concentration of TiO2
within low-Ca pyroxene in poikilitic areas shows
a systematic increase from 0.05 to 0.2 wt% with
increasing atomic Fe/(FeþMg) ratio (Fe#). The
concentration of TiO2 within low-Ca pyroxene in
basaltic areas (0.3e0.9 wt%) is clearly higher than that
in poikilitic areas, but shows no clear correlation with
Fe#. Al2O3 also shows a systematic increase (from 0.3
to 0.7 wt%) with increasing Fe# in basaltic areas,
distinct from the values observed in basaltic areas
(Al2O3: 0.5e1.3 wt%). Cr2O3 concentrations in low-
Ca pyroxene within poikilitic areas range from 0.3 to
0.5 wt%, slightly higher than those in basaltic areas
(0.2e0.4 wt%). There are no obvious differences in the
Al, Ti, and Cr contents of pyroxene among the three
samples, although Y000047 is devoid of clearly non-
poikilitic pyroxene (Figs. 11 and 12).
4.2. Olivine
Olivines in Y00 shergottites show minor composi-
tional variations from Fa24 to Fa34, with no clear
differences among the three samples (Fig. 13). Olivine
grains in poikilitic areas are Mg-rich and show a wider
compositional variation (Fa24e32) than those in basaltic
areas (Fa29e34) (Fig. 13). Olivine grains located near the
edges of pyroxene oikocrysts are generally Fe-rich
relative to those located near the centers of oikocrysts(Fig. 9). Olivine grains in oikocrysts also show weak
chemical zoning within individual grains, although most
grains (especially those in basaltic areas) are largely
homogeneous (Fig. 9). We found no clear correlation
between the degree of brown coloration of olivine and
chemical composition. Minor element concentrations in
olivine are similar in poikilitic and basaltic areas. CaO
contents are 0.1e0.3 wt%, and Cr2O3 is usually less than
0.05 wt%. Olivine grains have NiO contents of up to
0.1 wt%, consistent with growth under oxidizing
conditions. Si-rich glass within magmatic inclusions
trapped in olivine contains w80 wt% SiO2; near-pure
SiO2 was also observed (Fig. 3).
4.3. Maskelynite
Maskelynite in Y00 shergottites shows weak
compositional zoning (Fig. 14), probably primary
igneous zoning (Mikouchi et al., 1999). Although Imae
and Ikeda (2007) reported the remnants of sector zoning
Fig. 9. X-ray compositional maps showing the distribution of (a) Mg and (b) Ca within Y000097. The maps clearly show the presence of three
pyroxene oikocrysts. The Mg map reveals that olivine grains in the poikilitic area are Mg-rich relative to those in the basaltic area. Augite is easily
identified in the Ca map as yellow-orange grains that rim the oikocrysts. Ol: olivine. Low-Ca px: low-Ca pyroxene. Aug: augite. Ms: maskelynite.
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small number of analyzed maskelynite grains in poiki-
litic areas means that it is not possible to compare
compositions between poikilitic and basaltic areas. The
composition of maskelynite typically ranges from
An58Ab41Or1 to An40Ab57Or3 (Fig. 14). Minor elements
in plagioclase show no obvious zoning patterns, but in
some grains FeO shows a decrease outward from thecore (from 0.4 to 0.2 wt%) before changing to an
increasing trend in the rim (from 0.2 to 0.6 wt%).
4.4. Accessory minerals
Whereas chromite in poikilitic areas is generally
homogeneous in composition (1 wt% TiO2, 5e7 wt%
Al2O3, 24e27 wt% FeO, 5e7 wt% MgO, and 55e59
Table 1
Representative mineral compositions of major and minor phases in Y00 shergottites
Poikilitic area Non-poikilitic area
Orthopyroxene Pigeonite Augite Olivine ‘‘Maskelynite’’ Chromite Pigeonite Augite Olivine ‘‘Maskelynite’’ Ti-chromite Ilmenite Merrillite
SiO2 56.30 55.12 53.16 38.53 59.36 0.16 53.12 52.19 37.55 57.71 0.07 0.08 0.17
Al2O3 0.35 0.74 1.76 0.02 25.12 5.37 0.74 1.60 0.01 26.02 5.63 0.05 0.01
TiO2 0.13 0.16 0.42 0.02 0.19 0.92 0.54 0.88 0.04 0.13 12.86 53.39 n.d.
FeO 13.16 13.85 8.57 23.50 0.47 24.76 15.49 9.65 28.32 0.57 39.17 38.62 0.76
MnO 0.46 0.55 0.29 0.50 n.d. 0.46 0.62 0.48 0.59 0.04 0.68 0.85 0.07
MgO 28.33 24.50 17.33 37.41 0.10 6.51 22.20 16.78 33.96 0.13 4.41 4.83 3.44
CaO 1.47 4.80 17.50 0.13 7.64 n.d. 5.73 16.84 0.24 8.99 n.d. 0.07 48.07
Na2O 0.02 0.08 0.18 n.d. 5.23 0.05 0.08 0.24 n.d. 4.98 0.05 0.08 1.62
K2O 0.01 0.02 0.01 n.d. 0.34 n.d. n.d. n.d 0.01 0.32 n.d. 0.01 0.03
Cr2O3 0.41 0.47 0.96 0.01 0.06 59.95 0.39 0.70 0.05 0.02 33.97 0.84 n.d.
V2O3 n.d. 0.03 0.04 n.d. 0.05 0.62 0.08 0.11 0.02 n.d. 0.55 0.30 n.d.
NiO n.d. 0.03 n.d. 0.03 n.d n.d. n.d. 0.04 0.04 0.06 0.11 n.d. n.d.
P2O5 0.01 0.06 0.19 0.04 0.10 n.d. 0.13 0.24 0.02 0.10 n.d. n.d. 44.03
Total 100.65 100.41 100.41 100.19 98.66 98.80 99.12 99.75 100.85 99.07 97.50 99.12 98.20
En 77.0 68.6 49.9 63.4 48.9
Fs 20.1 21.8 13.9 24.8 15.8
Wo 2.9 9.6 36.2 11.8 35.3
Fe#a 0.207 0.241 0.217 0.261 0.281 0.244 0.319
An 53.6 49.0
Ab 45.0 48.9
Or 1.4 2.1
n.d.¼ not determined.
a Fe#¼ atomic Fe/(FeþMg).
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chemical zoning of ulvo¨spinel-rich component toward the
rim (16 wt% TiO2, 5 wt% Al2O3, 27 wt% Cr2O3)
(Fig. 15). There are no clear differences in spinel
composition among the three samples. Ca-phosphate in
Y00 shergottites is merrillite, but most phosphate grains
show low totals (<90 wt%) when analyzed by electron
microprobe, possibly due to the alteration of merrillite.Fig. 10. Pyroxene quadrilaterals showing compositional data for Y00002
pyroxene compositions. Note that pyroxenes from basaltic areas are slightlWe did not find any apatite. Ilmenite contains 5e6 wt%
MgO andw1 wt% Cr2O3.
5. Possible pairing of the three analyzed samples
The near-identical mineralogy and petrology of the
three Y00 shergottites, as described above, strongly
support the hypothesis that the three samples are paired7, Y000047, and Y000097. The three samples have near-identical
y more Fe-rich than those from poikilitic areas.
Fig. 11. Variation diagrams showing Ti vs. Fe# for low-Ca pyrox-
enes in three Y00 shergottites. As with Fig. 10, the three samples
have near-identical compositions. The Ti abundances in basaltic
pyroxenes are higher than those in poikilitic pyroxenes.
Fig. 12. Variation diagrams showing Al vs. Fe# for low-Ca pyrox-
enes in three Y00 shergottites. The Al abundances in basaltic
pyroxenes overlap with those in poikilitic pyroxenes, but the Fe#
values are distinct.
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together are distinct from other lherzolitic shergottites
found in Antarctica (a detailed comparison with other
lherzolitic shergottites is provided in Section 7). Thus,
the samples are possibly fragments of a single fall event
onto Antarctica, as they were collected within a small
area of w2 4 km (Misawa et al., 2006).
6. Crystallization of Y00 lherzolitic shergottites
The mineralogy and petrology of Y00 shergottites
indicate a relatively simple crystallization history,similar to that of other lherzolitic shergottites (e.g.,
Mikouchi, 2005). Because Y00 lherzolitic shergottites
show two distinct textures (poikilitic and basaltic), they
are likely to have experienced two different crystalli-
zation stages. The fact that the non-poikilitic basaltic
areas are interstitial to poikilitic oikocrysts suggests
that the poikilitic areas formed first; Y000097 shows
this relationship relatively clearly (Figs. 7 and 9).
Furthermore, the presence of abundant olivine and
chromite inclusions within pyroxene oikocrysts
demonstrates that the inclusions pre-date crystalliza-
tion of the oikocrysts. Thus, it is likely that olivine and
Fig. 13. Distribution of olivine fayalite compositions in three Y00 samples. Olivines from basaltic areas show a wide range in composition (and
are Fe-rich) compared with those from poikilitic areas. As with pyroxene, olivine compositions are near-identical among the three samples.
185T. Mikouchi, T. Kurihara / Polar Science 2 (2008) 175e194chromite grains were the first phases crystallized, and
that they represent cumulate. The scarcity of chromite
inclusions within olivine suggests that olivine pre-dates
chromite. There exist no significant differences in the
composition and size of olivine and chromite between
poikilitic and basaltic areas. In particular, olivines in
the two areas contain similar magmatic inclusions.
Thus, olivine and chromite in basaltic areas are prob-
ably also cumulus phases. Given that basaltic areas are
volumetrically minor relative to poikilitic areas and are
interstitial to pyroxene oikocrysts, it is likely that the
pyroxene oikocrysts themselves are also cumulates.Pyroxenes in basaltic areas are much smaller than the
millimeter-sized oikocrysts found in poikilitic areas, and
pyroxene in basaltic areas is richer in Ca and Fe than that
in poikilitic areas: there is little compositional overlap
between pyroxenes from the two areas (Fig. 10). Minor
element concentrations within pyroxenes also show
clear differences between the two areas (Figs. 11 and
12). These observations indicate that pyroxenes in
basaltic areas crystallized from slightly evolved melt
subsequent to the crystallization of pyroxene oikocrysts
and cumulate phases. The presence of intergrowths
between pyroxene and maskelynite in basaltic areas
Fig. 14. Major element compositions of maskelynite in three Y00
shergottites. There is no clear compositional difference among the
three samples, although maskelynite in Y000097 extends to the most
Ab-rich compositions.
186 T. Mikouchi, T. Kurihara / Polar Science 2 (2008) 175e194suggests that the two phases crystallized simultaneously.
The continuous nature of chemical zoning in major and
minor elements within pyroxene oikocrysts suggests
closed-system fractional crystallization.
As demonstrated in Section 4, olivine in basaltic
areas shows a narrower range in composition than that
in poikilitic areas and shows a slight relative enrich-
ment in Fe. These trends probably reflect the fact that
olivines in basaltic areas experienced equilibration
with interstitial melt subsequent to accumulation. In
contrast, olivines in poikilitic areas were surrounded by
pyroxene oikocrysts, thereby sealing them from the
interstitial evolved melt. It is therefore likely that the
cooling rate within basaltic areas was fast enough to
preserve the difference in olivine composition between
poikilitic and basaltic areas.Fig. 15. Spinel compositions of three Y00 samples. Spinels in basaltic area
although the latter areas show only minor variations. Note that the core com
spinel overgrew Cr-rich spinel cores in basaltic areas.Compared with olivine, chromites in basaltic areas
show greater compositional variation than those in
poikilitic areas; however, the chromite grains would
have experienced a similar formation history to that
of olivine. Chromites in basaltic areas are extensively
zoned, with ulvo¨spinel-rich compositions in their
rims, yet those in poikilitic areas are largely homo-
geneous. The compositions of chromite cores are
similar in the two areas (Fig. 15), probably due to the
overgrowth of Ti-rich spinel from evolved interstitial
melts in basaltic areas; similar observations have been
made in other lherzolitic shergottites (e.g., Mikouchi,
2005).
Based on the above, the inferred crystallization
sequence of minerals observed in Y00 lherzolitic
shergottites is as follows (Fig. 16).
(1) Mg-rich olivine and chromite were the first to
crystallize from the parent magma.
(2) Low-Ca pyroxenes crystallized in a closed system
and grew into large oikocrysts while enclosing
olivine and chromite grains as chadacrysts.
(3) The crystallizing pyroxene was replaced by augite
at some point, which partly rimmed low-Ca
pyroxene oikocrysts.
(4) Interstitial melt areas developed between pyroxene
oikocrysts, olivine, and chromite by accumulation.
(5) Pigeonite and plagioclase began to co-crystallize
from the evolved interstitial melts, forming non-
poikilitic basaltic textures with cumulus olivine
and chromite.
(6) Small amounts of augite then crystallized and Ti-
rich spinel overgrew cumulus chromite. Because of
their residence in interstitial melts, cumulus olivine
in basaltic areas experienced equilibration, became
more Fe-rich, and developed a narrower composi-
tional distribution than olivine in poikilitic areas.s extend to more Ti-rich compositions compared with poikilitic areas,
positions of spinels in both areas are similar, suggesting that Ti-rich
Fig. 16. Schematic model of the crystallization sequence of Y00 shergottites.
187T. Mikouchi, T. Kurihara / Polar Science 2 (2008) 175e194These crystallization events are probably recorded
by the 189 18 Ma SmeNd age determined from
Y000097 (Misawa et al., 2007).
(7) At 4.9 Ma, the Y00 shergottites were ejected from
Mars (Nagao et al., 2007) by a strong impact that
caused shock metamorphism in the rocks; the
meteorites later fell on Antarctica.Because olivine inclusions in pyroxene oikocrysts
retain clear compositional zoning, it is considered that
only minor re-equilibration occurred after solidification
of the Y00 whole rock. Thus, the final solidification of
the samples took place near the Martian surface, even
though the name ‘‘lherzolite’’ implies that they are
plutonic rocks formed at depth.
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The mineralogy and inferred crystallization history
of Y00 shergottites are similar to those of other lher-
zolitic shergottites such as Allan Hills 77005
(ALH77005), Lewis Cliff 88516 (LEW88516),
Yamato-793605 (Y-793605), Grove Mountains 99027
(GRV99027), Northwest Africa 1950 (NWA1950),
Grove Mountains 020090 (GRV020090), and North-
west Africa 2646 (NWA2646) (e.g., Bunch et al., 2005;
Harvey et al., 1993; Meyer, 2007; Mikouchi, 2005;
Mikouchi and Miyamoto, 2000b). Because the
obtained cosmic-ray exposure age of Y000097 is
similar to that of previously known lherzolitic sher-
gottites (Nagao et al., 2007), all such samples,
including the Y00 shergottites, were possibly ejected
from Mars by the same impact event, ultimately
reaching different areas in Antarctica and the Sahara as
distinct fall events (e.g., Eugster and Polnau, 1997;
Nagao et al., 1997; Nishiizumi and Caffee, 1997).
However, despite the overall petrological and miner-
alogical similarity within this group, the known
samples differ slightly in terms of mineral composi-
tion. These differences are interpreted to reflect
contrasting cooling rates or degrees of re-equilibration
(e.g., Harvey et al., 1993; Mikouchi, 2005; Mikouchi
and Miyamoto, 2000b). Therefore, a detailed compar-
ison of the mineral compositions of Y00 shergottites
with those of other lherzolitic shergottites would
provide information on the igneous block from which
the lherzolitic shergottites originated.
The major and minor element compositions of
pyroxene within Y00 shergottites are only slightly
different from those in other lherzolitic shergottites
(Fig. 17), probably because pyroxenes in all lherzolitic
shergottites crystallized from a similar parent melt
composition and because the primary igneous zoning
profiles were not modified by atomic diffusion, even
though the samples experienced varying degrees of re-
equilibration. There is also no clear difference in
plagioclase and spinel compositions between Y00
shergottites and other lherzolitic shergottites. Mikouchi
(2005) reported that minor elements in maskelynite
from previously known lherzolitic shergottites show
characteristic zoning patterns. Similar zoning patterns
are observed for maskelynite in Y00 shergottites.
The variability in cooling rates within basaltic areas
was sufficient to generate differences in olivine
composition (Fig. 18), as olivine has higher rates of
atomic diffusion (e.g., diffusion of Mg and Fe) than
pyroxene and other major silicate minerals (e.g.,
Fujino et al., 1990; Misener, 1974). Thus, olivine isa useful indicator of the degree of equilibration asso-
ciated with the cooling rate during crystallization of
the basaltic areas.
Olivines in ALH77005 show a restricted composi-
tional range of Fa24e30; unlike other lherzolitic
shergottites, there is no compositional difference
between poikilitic and basaltic areas. Among the
known lherzolitic shergottites, ALH77005 probably
experienced the greatest degree of re-equilibration,
suggesting the slowest cooling rate during crystalliza-
tion of the basaltic area (e.g., Mikouchi, 2005). In
contrast, olivines in basaltic areas within other samples
have narrower Fe-rich compositional ranges than those
in poikilitic areas. GRV99027 olivines in poikilitic
areas (Fa23e30) are slightly more Mg-rich than those in
basaltic areas (Fa28e31), although individual grains are
homogeneous (Lin et al., 2005). Hsu et al. (2004)
reported that uniform mineral compositions (major and
rare earth elements) within GRV99027 indicate that
this sample is the most strongly re-equilibrated among
lherzolitic shergottites. Thus, ALH77005 and
GRV99027 experienced slower cooling rates than the
other samples during crystallization of the basaltic
areas.
There exist clear differences in olivine composi-
tion between poikilitic and basaltic areas in
LEW88516, Y-793605, and NWA1950 (Fig. 18).
Olivines in these samples also show chemical zoning
within individual grains, suggesting that they expe-
rienced faster cooling rates than ALH77005 and
GRV99027. Two recently discovered samples,
GRV020090 and NWA2646, have been only briefly
described, and their detailed mineralogy has yet to be
reported, although it is known that NWA2646 has the
most Fe-rich olivine compositions among known
lherzolitic shergottites (Fa38e44) (Bunch et al., 2005).
These samples are not considered here because of the
lack of available data.
The ranges of olivine compositions within
LEW88516, Y-793605, and NWA1950 show slight
differences among samples. LEW88516 and Y-
793605 have the most Fe-rich olivine compositions,
although LEW88516 is slightly more Fe-rich than
Y-793605 (LEW88516: poikilitic areas, Fa26e37 and
basaltic areas, Fa30e39; Y-793605: poikilitic, Fa26e35
and basaltic, Fa30e36) (Fig. 18). NWA1950 olivine is
relatively Mg-rich (poikilitic, Fa23e29 and basaltic,
Fa26e32) compared with LEW88516 and Y-793605.
The olivine compositions of the three Y00
shergottites are more similar to the LEW88516eY-79
3605eNWA1950 trio rather than the ALH77005eG
RV99027 pair, as Y00 olivine shows slight chemical
Fig. 17. Pyroxene compositional variations among lherzolitic shergottites. Both low-Ca and high-Ca pyroxenes in all samples show similar
compositions. Y00 samples are most similar to Y-793605 and LEW88516.
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differences are observed between poikilitic and
basaltic areas. The compositional ranges of Y00
olivines (poikilitic, Fa24e31 and basaltic, Fa30e33) are
distinct from those of other samples, suggesting that
Y00 is not paired with any other previously known
samples.Fig. 18. Olivine compositional variations (fayalite content) among
lherzolitic shergottites. Unlike pyroxenes, there exist clear compo-
sitional differences among six of the samples. The Y00s are distinct
from all the other samples, but are most similar to Y-793605 and
LEW88516 (as with pyroxene). PA: poikilitic areas. NPA: non-poi-
kilitic (basaltic) areas.As discussed in Section 5, there is no doubt that
the three Y00 samples are paired. The question then
becomes whether the Y00 shergottites are paired with
Y-793605, which was also found in the Yamato
Mountains. It is possible that they are paired, in
which case the slight difference in olivine composi-
tion between Y00 and Y-793605 could be due to
sample heterogeneity; however, Y-793605 is also
distinct from Y00 samples in having a much smaller
abundance of Ca-phosphates (e.g., Mikouchi and
Miyamoto, 1997). Thus, we consider it unlikely that
the Y00 shergottites are paired with Y-793605;
instead, we believe that the three paired Y00 samples
are new fragments from the lherzolitic shergottite
block on Mars. All of the lherzolitic shergottite
samples were ejected by the same impact event, but
the Y00 samples fell on Antarctica as a separate fall
from the other samples.
8. Stratigraphy of the lherzolitic shergottite
igneous block
Discovery of the Y00 lherzolitic shergottites has
increased the total number of known lherzolitic sher-
gottites to eight (Meyer, 2007): ALH77005, LEW88516,
Y-793605, GRV99027, NWA1950, GRV020090,
Fig. 19. Schematic model of the stratigraphy of the igneous block from which lherzolitic shergottites originated. Because of their higher degrees
of equilibrium, ALH77005 and GRV99027 would have been located deeper within the block than the other samples; however, the volumes of
intercumulus melt are similar among the different samples. LEW88516, Y-793605, NWA1950, and the new Y00 samples would have been located
slightly shallower than ALH77005 and GRV99027. A recently found sample, RBT04261/04262, may have been located at even shallower depths
than the others (along with NWA2646?), as RBT04262 contains a higher proportion of basaltic areas and relatively Fe-rich olivine and pyroxene
compositions.
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Section 7, small differences in olivine composition
can arise from variable cooling rates during the crystal-
lization of basaltic areas. As with the nakhlites, all
lherzolitic shergottites show similar mineralogy and ages
(e.g., Mikouchi, 2005; Wadhwa et al., 1999). It has been
suggested that the slight differences in nakhlite miner-
alogy among samples is due to spatially variable coolingTable 2
Modal abundances of olivine and plagioclase in lherzolitic shergottites
ALH77005a GRV99027b NWA1950c Y-7936
Olivine 53.8 32.1 55 38.5
Plagioclase 9.6 5.8 8 6.8
a Average of Mason (1981); Ma et al. (1981); Treiman et al. (1994); Wad
b Lin et al. (2005).
c Gillet et al. (2005).
d Average of Kojima et al. (1997); Ikeda (1997); Mikouchi and Miyamoto
e Average of Treiman et al. (1994); Wadhwa et al. (1994); Gleason et al.
f This study.
g Bunch et al. (2005).rates within a single magmatic body, with spatially
variable accumulation of augite (e.g., Day et al., 2006;
Mikouchi et al., 2003). If this hypothesis is also
applicable to lherzolitic shergottites, there may exist
a correlation between cooling rate and abundance of
intercumulus melt: samples located within the upper
levels of the igneous body would show a more open
cumulus network (and therefore abundant basaltic areas)05d LEW88516e Y000097f NWA2646g RBT04262f
52.5 40 21.6 29.6
9.8 8.6 11.4 13.3
hwa et al. (1994).
(1997).
(1997).
Fig. 20. (a) Optical photomicrograph (plane-polarized light) of
RBT04262. This new lherzolitic shergottite contains abundant
basaltic areas. The modal abundance of plagioclase reaches 13%,
meaning that the group name of ‘‘lherzolite’’ is not appropriate.
Olivines in pyroxene oikocrysts are smaller and less abundant than
those in other lherzolitic shergottites. (b) Mg X-ray map and (c) Ca
X-ray map of RBT04262.
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intercumulus melt compositions would also be more
evolved in the upper levels than at deeper levels.
Because LEW88516 has the most Fe-rich olivine
composition in basaltic areas among lherzolitic sher-
gottites, the abundance of basaltic areas should also be
the highest; in contrast, ALH77005 and GRV99027,
with the most Fe-poor olivines, should have the
smallest proportion of basaltic areas. Because plagio-
clase is almost exclusively present in basaltic areas,
its abundance should also reflect the abundance of
basaltic areas; however, there is no clear difference in
plagioclase abundance between the two different
subgroups (Table 2). This finding may reflect inaccu-
rate measurements of the modal abundance of minerals
in lherzolitic shergottites, as the coarse-grained nature
of these rocks can give rise to heterogeneous mineral
distributions at the scale of individual thin sections. For
example, the Y000047 thin section analyzed in the
present study contains only a single poikilitic area,
with no basaltic regions.
Thus, we are unable to determine a clear relation-
ship between the abundance of intercumulus melt and
cooling rate for the current collection of lherzolitic
shergottites. Among the known samples, NWA2646
has the smallest abundance of olivine and highest
abundance of plagioclase (Table 2), as well as Fe-rich
olivine and pyroxene (Bunch et al., 2005). Further-
more, the recently recovered US Antarctic shergottites
Roberts Massif 04261 and 04262 (RBT04261 and
RBT04262, respectively) show a close affinity to
lherzolitic shergottites in petrology and mineralogy,
although they were first reported by the Antarct.
Meteorite Newslett. (2007) as olivine-phyric
shergottites.
Our preliminary mineralogical study of RBT04262
reveals the presence of dominant basaltic areas and
minor poikilitic areas (Fig. 20). Compared with other
lherzolitic shergottites, this sample may have been
located high within the lherzolitic shergottite igneous
block, where the abundances of cumulus pyroxene and
olivine were relatively low. Indeed, RBT04262 contains
only a small amount of olivine enclosed in pyroxene
oikocrysts, and pyroxene and olivine are Fe-rich
compared with those in other lherzolitic shergottites
(Fig. 21). In this sense, NWA2646 may be similar to
RBT04262.
It is therefore probable that the original igneous block
of lherzolitic shergottites contained a stratigraphic
distribution similar to that proposed for nakhlites,
although most of the known samples were located at
a similar location or level within the block (Fig. 19).More highly evolved melt may have been present,
without cumulus phases, at much higher levels, which
have a petrogenetic relationship with olivine-phyric or
basaltic shergottites.
Fig. 21. Pyroxene and olivine compositions of RBT04262. Similar to other lherzolitic shergottites, pyroxenes from basaltic areas are slightly more
Fe-rich than those from poikilitic areas. Olivines from basaltic areas show a wider compositional range (and are more Fe-rich) than those from
poikilitic areas. Both minerals are slightly Fe-rich compared with previously known lherzolitic shergottites (Figs. 17 and 18).
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(1) Y000027, Y000047, and Y000097 are new lher-
zolitic shergottites from the Japanese Antarctic
meteorite collection returned by the 41st JARE.
The samples show a typical poikilitic texture
(pyroxene oikocrysts of several millimeters in size
enclosing cumulus olivine and chromite) with
interstitial basaltic areas (olivine, pyroxenes, and
maskelynite).
(2) Y00 olivine in basaltic areas is more Fe-rich and
shows a narrower compositional range than that in
poikilitic areas, suggesting the re-equilibration of
olivine and pyroxene with evolved interstitial
melts. Pyroxenes in basaltic areas are also more
Fe-rich than those in poikilitic areas.
(3) The near-identical petrography and mineral
compositions of Y000027, Y000047, and Y000097
confirm that they are paired samples.(4) The crystallization of Y00 lherzolitic shergottites
began with the initial crystallization of olivine and
chromite, followed by low-Ca pyroxenes that grew
as poikiloblasts, enclosing cumulus olivine and
chromite. Small interstitial melt regions then
formed between oikocrysts as a result of accumu-
lation; plagioclase crystallized from the evolved
interstitial melt along with pigeonite (then augite),
forming basaltic areas.
(5) The three Y00 samples are similar to previously
known lherzolitic shergottites (ALH77005, LEW
88516, Y-793605, GRV99027, NWA1950, and
NWA2646) in petrology and mineralogy. It is
likely that all of these meteorites originated from
the same igneous block on Mars and were ejected
by the same impact event. Subtle differences in
mineral chemistry (especially olivine composition)
among the samples are due to variable cooling
rates during crystallization of the basaltic areas.
193T. Mikouchi, T. Kurihara / Polar Science 2 (2008) 175e194(6) The Y00 samples are most similar in mineral
composition to the trio of LEW88516, Y-793605,
and NWA1950, but remain distinct from all of them.
It is unlikely that the three Y00 samples are paired
with Y-793605 because of differences in olivine
composition and abundance of Ca-phosphate.
(7) Olivine and pyroxene compositions within inter-
stitial areas may be related to the abundance of
intercumulus melt, which varied spatially within
the lherzolitic shergottite igneous block. Although
most samples were located at relatively deep levels
within the igneous block (of the known samples,
ALH77005 and GRV99027 were probably located
at the deepest levels), RBT04262, a newly found
‘‘lherzolitic shergottite,’’ may have been located at
shallower levels characterized by abundant evolved
interstitial melts.
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